Male Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) used their aristae to repeatedly tap the female, usually on her aristae, during the second stage of head rocking courtship. The male's antennae moved in an apparently exploratory manner earlier in head rocking. Reduced rates of copulation followed removal of male and female aristae, supporting the idea that tapping with the aristae is an important part of medfly courtship.
Introduction
The use of sterile males in attempts to control populations of the medfly, Ceratitis capitata (Wiedemann), makes it economically important to understand which male stimuli induce females to mate, in order to design appropriate quality controls for mass-reared males (e.g., Cayol, 2000) . The stimuli used by females in making mating decisions are only beginning to be deciphered, however (Eberhard, 2000) . This paper highlights the limited nature of our current understanding. We present evidence suggesting that courtship success is influenced by tactile stimuli from the flies' aristae, a modality never before mentioned in studies of C. capitata sexual behavior.
It has long been known that courtship by a male medfly involves three successive stages before he mounts the female: (1) the male raises the tip of his abdomen and emits a long-distance attractant pheromone; (2) he turns toward an approaching female, bends his abdomen ventrally, and vibrates his wings continuously; and (3) he intermittently fans his buzzing wings forward and back, and rocks his head rapidly (Feron, 1962; Briceño et al., 1996; Liimatainen et al., 1997; Calcagno et al., 1999; Briceño & Eberhard, 2000) . Head rocking occurs while the male stands directly in front of the female before jumping onto her. Active female responses to the male, such as approaching him and aligning herself directly in front of him, are strongly correlated with a male's chances of completing courtship and mounting the female (Feron, 1962; Briceño et al., 1996; Briceño & Eberhard, 2001) . Male medflies have a number of sexually dimorphic traits on their heads, including striking eye colors, enlarged capitate suprafronto-orbital bristles with flattened dark tips, and a white frons (Feron, 1962; Holbrook et al., 1970) . These traits are all easily visible to the female during courtship, and females are known to respond to visual stimuli during courtship (Feron, 1962; Mendez et al., 1998) . Thus it has been supposed that head rocking behavior constituted a visual display of one or more of these traits to the female to induce the female to approach, to allow the male to mount, and to copulate (Eberhard, 2000) . We show here, using the improved resolution permitted by digital video recordings, that this interpretation was incomplete. Head rocking is associated with repeated contact between male and female aristae, and this contact is probably related to the recently discovered sexual dimorphism in arista length and form (Miranda, 2000) .
Materials and methods
The flies used were from a mass-reared strain derived about six years previously from flies captured in the Central Valley of Costa Rica. Pairs of flies that had been separated by sex when they were < 1 day old were placed in plastic petri dishes on a glass support when they were five to eight days old, and videotaped at 30 frames/s from below as described previously (Briceño et al., 1996) using a Sony Digital Handycam DCR-VX1000 camera equipped with +11 closeup lenses. Images were captured using a Genius Pro II series videocapture card and imported into a computer, where measurements were made using the NIH program Image (public domain software). All drawings are based on prints of captured images. The positions of the basal portions of the aristae were visible in all these images, but their tips were sometimes not resolved; the drawings thus give minimum estimates of arista length. Measurements of head and antenna displacement were made as shown in Figure 1 .
In addition to this descriptive study, three experiments were performed: immobilization of the male's head, removal of all or part of the male's aristae, and removal of the female's aristae. Experimental males and females were immobilized without anesthesia using a pair of forceps whose tips were covered with foam rubber. In the head immobilization experiment, the male's head was glued to his thorax with a dab of 'Loctite Super Bonder' glue. Aristae were clipped off at their bases, or at their approximate midpoints. Control males and females for all experiments were immobilized with forceps, but received no glue and were not clipped. Chi 2 tests were used unless otherwise noted; analyses of the results of experimental manipulations were one-tailed (experimental treatment was predicted to reduce rather than increase male copulation success).
Behavior was taped the day following experimental manipulation during sessions that lasted 60 min, as above, using a Sony CCD Video Hi 8 camcorder. Each bout of forward wing vibration is termed a 'buzz', while each period between buzzes is a 'pause'. A pause between buzzes that was more than twice the average of the pauses immediately before and after was termed an 'interruption'. In the head immobilization experiment, five experimental pairs and five control pairs were observed during each session, so not all behavior was taped; but courtship, mounting and copulation behavior of all flies was recorded.
Results
Close-up video images showed several previously unappreciated aspects of behavior. During continuous vibration, the male's antennae were directed medially, and thus projected anteriorly. The angle d in Figure 1 was 54±8 • prior to courtship, but only 30±8 • during continuous vibration (n = 20 males in 20 courtships, P < 0.001, Mann-Whitney U Test). In contrast, this angle did not change significantly in female flies when courtship began (61 ± 6 • and 56 ± 8 • respectively; P = 0.32).
Head rocking behavior included two distinct, previously undistinguished stages. Stage 1 consisted of one or a few long bursts of rocking that occurred just before intermittent wing buzzing began. Most often there was only a single burst of rocking, and it lasted on average about three times as long as any of the subsequent bursts (Table 1 ). This long burst involved particularly large head rotations ( Figure 1 , Table 1 ).
Stage 2 began when intermittent wing buzzing commenced, and both head rocking and male antennal movements became consistently coordinated with the wing movements. Individual buzzes lasted only about 0.07 s (Table 1) . Stage 2 head rocking always occurred 0.03-0.07 s after each buzz ended, during the pause between buzzes when the male's vibrating wings were more or less supinate over his abdomen (drawing on left in Figure 1 ) (see Briceño & Eberhard, 2000 for a description of the complex wing positions during intermittent buzzing). The male almost always moved his antennae laterally ( Figure 2a ) at about the same time he initiated a buzz (30 of 31 buzzes in which the antennae were clearly visible) and then moved them medially (Figure 2b ). Usually the male's antennae were spread laterally in the first frame of a buzz, but occasionally spreading occurred one frame earlier or one frame later. During the entire period of intermittent wing buzzing the male's head was flexed ventrally (Figure 2c, g) ; that of the female remained in its usual resting position (Figure 2d, g ).
In most courtships neither of the male's aristae was in contact with the female when he began intermittent buzzing, and one or more bursts of head rocking occurred before the flies came close enough for contact to occur. The duration of each burst of head rocking decreased after the male's aristae contacted the female (Table 1) . Contact occurred in all 35 cases taped with the digital camera in which both male and female aristae could be resolved. Forward movements by the male toward the female occurred only during stage 2 of intermittent buzzing, and consisted of small steps which were taken at the beginning of or during a buzz (short arrows in Figure 2e ). In many pairs it was clear that after contact was established with the female's arista, the male's head rocking and wing buzzing movements caused small displacements in the position of the female's arista and/or her entire antenna (Figure 2f, g ).
Experimental immobilization of the male's head to prevent head rocking led to reduced copulation success. The mating success of experimental males was only about half of that for control males (23.7% of 190 experimental males vs. 43.1% of 195 control males; P 0.001). Courtships performed by experimental males were less effective. Of 115 experimental males that courted, only 38.8% succeeded in copulating, while the corresponding value for control males was 56.8% of 148 (P = 0.0019). Only 59.2% of 81 observations of intermittent buzzing by experimental males led to the male's mounting the female, while the corresponding figure for control males was 73.2% of 97 (P = 0.025). Once the male had mounted, however, there was no difference between experimental and control males in the proportions that succeeded in copulating (11.9% of 47 mounts by experimental males, 12.7% of 71 mounts by control males).
At least part of the difference between males with experimentally immobilized heads and control males was probably due to alterations in other aspects of male behavior rather than to lack of head rocking. Fewer experimental males courted (60.7%) than did control males (75.9%; P = 0.017). The courtship behavior of experimental males differed from that of controls in several respects (Table 2) . Experimental males spent less time in intermittent buzzing, performed fewer buzzes before jumping onto the female, and more often interrupted intermittent buzzing. The number of interruptions was slightly greater preceding unsuccessful compared with successful mounts (Table 2) (the difference was significant in control but not in experimental males). Experimental males were also slightly less likely to advance slowly toward the female with small steps (35.8% of 81 males compared with 50.0% of 94 control males; P = 0.048).
Experimental removal of all or half of each of the male's aristae also reduced male copulatory success. Figure 1 ) Angle of antenna -when flexed laterally 34.8 ± 7.0 a1b1 29.5 ± 6.0 a1a2 26.0 ± 4.9 a2b1 30 -when flexed medially 19.9 ± 5.9 1 9 .6 ± 3.8 1 9 .3 ± 3.9 3 0 Delay (s) between initiation of buzz and initiation of -opening of antennae 0.03 ± 0 6 3 -closing of antennae 0.06 ± 0.03 63 Delay (s) between initiation of buzz and initiation of forward steps by male 0.07 ± 0.01 63 a P < 0.05. b P < 0.01. c P < 0.001.
Only 19% of 73 males entirely lacking aristae copulated vs. 36% of 73 control males (P = 0.027); corresponding values for males lacking half of each arista were 32% of 62 vs. 53% of 60 (P = 0.0095). Both experimental treatments decreased the success rate of intermittent buzzing courtship. Only 27% of 51 males lacking aristae that buzzed succeeded in copulating, vs. 45% of 58 controls (P = 0.030); corresponding values for male lacking half of each arista were 50% of 40 vs. 70% of 46 (P = 0.033). In contrast, the experimental treatments did not affect the success of earlier stages of courtship. In males entirely lacking aristae, 77% of the 66 individuals that performed continuous vibration progressed to the next stage (intermittent buzzing), vs. 87% of 67 controls; corresponding figures for males lacking half of each arista were 83% of 48 vs. 85% of 54 (P > 0.10 for both comparisons). Some details of courtship behavior were also affected by experimental removal of the entire male arista (Table 3 ). The number of buzzes/courtship and the duration of intermittent buzzing both increased, while the duration of female immobility before the male attempted to mount decreased. Complementary effects were obtained by complete removal of the female's aristae. As in a previous study (Miranda, 2000) , the probability of copulation was sharply reduced. Copulation occurred in 4.4% of 45 pairs in which the male courted a female lacking aristae, versus 22% of 64 controls in which the male courted a control female (P = 0.006). The number of buzzes and the duration of intermittent buzzing were reduced by nearly half, and the female was again immobile for a much shorter length of time before the male leapt onto her (Table 3) . 
Discussion
Head rocking courtship can be divided into two qualitatively different stages. Stage 1 generally included more vigorous and sustained movements (Table 1), and these occurred just before intermittent wing buzzing behavior commenced, usually before the flies were in contact. Stage 2 occurred after intermittent buzzing had begun. Head rocking and antennal spreading movements in stage 2 were tightly coordinated with wing movements, and occurred between individual buzzes. As the flies approached each other, the male's aristae usually tapped those of the female repeatedly. While the first stage of head rocking may function as a visual display (below), the contact between male and female aristae suggests that head rocking during the second stage functions as a tactile rather than or in addition to a visual display. Head rocking early in stage 2, before the male's aristae contacted the female, may represent exploratory movements designed to bring the male's aristae into contact with those of the female. In accord with this idea, male aristae are longer than those of females. The mean arista length of males was 11.4% greater than that of females (Miranda, 2000) . In addition, the male flexed his head and possibly his antennae ventrally during head rocking (Figure 2c ), causing his aristae to project more nearly directly forward toward the female. The male's head and antennal movements ( Figure 2) were also appropriate to provide tactile stimulation of the female's aristae. Movements of the female's arista (e.g., Figure 2f , g) probably result in displacements of the first flagellomere at the Johnston's organ, which contains many mechanoreceptors (Chapman, 1999) . These considerations do not, of course, rule out the possibility that visual and olfactory stimulation of the female during head rocking are also important in inducing her to copulate. -male mounted female 3.0 ± 1.7 (65) 3.0 ± 1.4 (62) -male not mount female 4.1 ± 2.7 (52) 4.8 ± 3.3 (48) -copulation 2.6 ± 1.5 a 2.6 ± 0.8 b -no copulation 3.8 ± 2.6 a 4.9 ± 3.1 b Total duration of interruptions in buzzing 3.32 ± 1.52 4.34 ± 2.88 0.25
All data in this study involve mass-reared flies, and it might be thought that the small distances between males and females during courtship which led to contact between aristae might not be typical of wild flies, which are adapted to conditions of much lower density. A previous study, however, showed that the thorax-to-thorax distance between male and female at the moment the male launched a mounting attempt did not differ between a mass-reared strain and the wild strain from which it was derived: mean distances were 0.12 and 0.15 cm for successful and unsuccessful mounts by mass-reared males, compared with 0.14 and 0.13 cm for wild males (Briceño & Eberhard, 2001) . In fact, this distance was unusually constant. The coefficients of variation were, respectively, 17%, 53%, 14%, and 23%. In contrast, the coefficients of variation in the distances at which other stages of courtship were initiated in these strains, such as continuous wing vibration and intermittent buzzing, were relatively large (mean = 62 ± 34%; all ≥ 40%) . The relative lack of variation in the distance at which the male leaps onto the female may be due to the importance of achieving contact with the aristae combined with morphological constraints imposed by relatively constant arista lengths. The coefficients of variation were 6.8% and 8.9% in males and females (Miranda, 2000) .
In contrast, stage 1 head rocking is more likely a visual display than a tactile search for the female. Head rocking commonly began at distances at which the animals' aristae were far out of contact, when it seems unreasonable to expect that the male would be attempting to contact the female with exploratory head movements. Medflies are obviously highly visual animals (e.g., Feron, 1962) , and courting males have a clear view of the female, and are likely to have sufficient information to judge the distance separating them, even if the male perhaps cannot resolve the exact positions of her aristae. Secondly, the presence of several sexually dimorphic characters on the male's head (eye colors, white frons, capitate frontoorbital bristles) argue that visual stimulation of the female is important at some stage of courtship. The capitate bristles often fail to contact the female during courtship, but their removal reduced female acceptance behavior (Mendez et al., 1998) . The reduced copulatory success of males whose aristae were experimentally removed or shortened favors of the idea that mechanical stimulation of the female with the male's aristae is an important component of courtship. Lack of mechanical stimulation of the female's aristae could also explain why females were less likely to be immobile during the latter stages of male courtship when either males or females lacked aristae (Table 3) . These results are complemented by the finding that male mating success was also reduced when the female's aristae were experimentally removed (Miranda, 2000) .
It is not yet clear, however, why these differences occurred. Perhaps tactile stimulation of the female arista was important. Removal of the female's aristae may have also eliminated other stimuli, however, such as sounds from wing vibrations (chemical stimuli, sensed by chemosensillae on the female's flagellomere (White et al., 2000) , were presumably not affected, though this remains to be demonstrated directly). Lack of mechanical stimulation of the female's aristae could explain why females were less likely to be immobile during the latter stages of male courtship when either males or females lacked aristae (Table 3) . Possibly other types of tactile stimulation of the female were involved. When the female lacked aristae, the male may have approached closer than usual and tapped elsewhere on her head with his aristae, causing her to be more restless (Table 3 ) and break off courtship. Or perhaps stimuli from arista contact function by informing the male of the appropriate distance from which to launch his mounting attempt. These possibilities are not mutually exclusive, and further studies will be needed to evaluate them.
A striking difference between this study and previous quantitative descriptions of medfly courtship behavior (Liimaitainen et al., 1997; Calcagno et al., 1999) are the relatively small variations in the durations of several behavioral patterns (Table 1) . Because the time resolution of our video recordings was relatively coarse compared with the rapidity of the male's movements, our measurements of variation probably overestimate the true variation. Nevertheless, the coefficients of variation in durations of bursts and delays between wing movements and head rocking (0 to 65%, mean 22%) were lower than those found in the durations of many other behavioral traits, which are generally on the order of 100% and range up to > 200% (Eberhard, 2000 ; see also Table 3 ).
Interpretation of the results of experimental immobilization of the male's head is difficult, because the modification not only eliminated head rocking behavior, but also altered intermittent buzzing behavior. Both the duration of intermittent buzzing and the number of buzzes were reduced, while the number of interruptions of buzzing increased. Thus the effects of immobilizing the male's head on female receptivity may have been due to changes in head rocking, in intermittent buzzing behavior, or both. Previous studies have shown that duration and number of buzzes do not correlate with male mounting behavior or female acceptance . Interruptions in male intermittent buzzing were, in contrast, associated with failure to mount in a previous study , but the effects of interruptions in buzzing behavior on female acceptance of copulation in this study were only weak. The effect of head immobilization on the likelihood that courtship would result in copulation was substantially stronger. Our tentative conclusion is that either the reduction in female responses was due in part to lack of head rocking, or to other changes in stimuli emitted by the males which we did not measure and which were also affected by head immobilization.
Our findings suggest that arista contact during courtship should be taken into account in measures of quality control in mass-reared flies (Cayol, 2000) .
